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Abstract 


In recent decades, carbon fiber reinforced thermoplastic from the wet-laid process 
(WL-CTP) appeals to attention for its simplicity and compatibility with recycled 
carbon fibers. However, there is still no constitutive model for the consolidation of 
WL-CTP. This study proposes a constitutive model based on the constitutive equation 
describing the compress behavior of the dry/impregnated CF network. Three 
deductions raised from the consolidation model were validated by the experiments 
investigating the effect of molding time, pressure, and temperature on the void 
volume fraction of the WL-CTP. Flexural testing further investigated the effect of 
molding time, pressure, and temperature on the flexural modulus and strength of the 
WL-CTP. It reveals that the molding pressure can be the only factor affecting the 
consolidation and flexural properties of the WL-CTP, which indicates that the WL- 
CTP with low void content and qualified mechanical properties can be produced 
under a relatively low temperature and high productivity. 
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1. Introduction 


Wet-laid process based on papermaking principles can be used to produce carbon 
fiber reinforced thermoplastic (CFRTP)'"!, appealing attention for its simplicity and 
compatibility with recycled carbon fiber (rCF), offering a solution to the low-cost 
CFRTP and the reuse of rCF"!, broaden the application of CFRTP. After its first 
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application in the manufacturing of Glass-FRTP in the 1990s%*!, various kinds of 
fiber-reinforced thermoplastics (FRTP) were developed by the wet-laid process in 


recent decades, from traditional composites’! to nanocomposites!”*!, from artificial 


5,6,9-12 13-16] 


fiber-reinforced composites***"”! to natural fiber-reinforced composites!" 

The wet-laid process involves two procedures, mainly: (1) Papermaking. Carbon 
fibers (CFs) and thermoplastic fibers are dispersed in water to form pulp, during 
which the two kinds of fibers are mixed evenly. Subsequently, drainage and water- 
removal result in preform; (2) Heat-compression molding. Place the preform in mold. 


After heat-compression and cooling, the carbon fiber reinforced thermoplastic from 


the wet-laid process (WL-CTP) can be obtained. The papermaking process produces a 
mixture of carbon fiber and thermoplastic fiber. The heat-compression molding makes 
the thermoplastic molten, impregnate carbon fiber, and endow the WL-CTP with 
strength. The consolidation of WL-CTP happens in heat-compression molding. Void is 
a kind of usual defect in composites, forming in consolidation, defecting the 
mechanical properties of composites. Thus, constitutive models were proposed to 
figure out the influence of molding conditions on eliminating voids, predicting the 
composites’ consolidation behavior. 

Generally speaking, two primary models were used to model the consolidation 
for FRTP. Firstly, the model of forced unidirectional infiltration of deformable porous 
medial”, In this model, the consolidation process is regarded as a forced molten 
matrix infiltrating the deformable fiber network. The fiber network is modeled as a 
mat. The compressibility and relaxation properties of the mat are combined with 


18.19] modeled the consolidation of 


Darcy’s law to finish modeling. Michaud et al.! 
GMT from the film-stacking process by using this basic model. Secondly, the fiber 
bundle impregnation model’, In this model, the fiber network is modeled as 
individual fiber bundles. Besides the combination of stress-strain behavior of fiber 
bundles and Darcy’s law, the size and distribution of fiber bundles in preform are also 
considered. Bernet et al." modeled the consolidation of GF/PEEK commingled yarn 
composite by using this model. The common ground between the two basic models is 
that they need a clear boundary between the fiber network and matrix at the initial 
consolidation stage. However, in WL-CTP, CFs exist both in single fiber and fiber 
bundles, commingling with thermoplastic fiber (see Fig 1). Thus, the carbon fiber 


network can be neither modeled as mat nor bundles. Meanwhile, there is no clear 


boundary between the fiber network and the matrix (see Fig 1). These properties mean 
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that the two basic models mentioned above are not suitable for the consolidation of 
WL-CTP, make modeling the consolidation of the WL-CTP complex. 

Nevertheless, researchers still made efforts on the study of consolidation of WL- 
CTP. Wei et al.''" investigated the influence of molding pressure on the mechanical 
properties of the WL-CTP consisting nominal fiber volume fraction (FVF) of 20%. 
Results showed that pressure under 3 MPa could not ensure a good consolidation; 
meanwhile, pressure higher than 8 MPa could shorten the carbon fiber. An optimal 
pressure of 5 MPa was chosen to prepare WL-CTP with the best mechanical 
properties. Tse et al.” inspected the void content of WL-CTP containing flax fiber 
and found that the void content decreased with the increase of the content of flax fiber 
due to the hydroxyl groups bringing an intimate interaction between fibers. Yeole et 
al.” studied the effect of papermaking additives on consolidating GF/PA6 composites 
prepared by the wet-laid process. They found that additives did not affect the 
consolidation process because they would volatilize during the compression molding. 

Researches reviewed above promote our understanding of the consolidation of 
the WL-CTP. Unfortunately, a constitutive model for consolidation is still not 
proposed. This study aims at the modeling of the consolidation of WL-CTP and the 
validation of the consolidation model. Firstly, the consolidation of WL-CTP was 
regarded as the compression of an impregnated fiber network. Then, the constitutive 
equations for the compressibility of impregnated fiber network were used to model 
the consolidation of WL-CTP. Deductions were proposed according to the model and 
validated by experiments. Finally, the effect of molding parameters on the flexural 
properties of the WL-CTP was investigated. 

2. Theory and modeling 


Fig 1(a) shows the even mixture of CFs and PP fibers in the preform consisting of 
50vol% CF. After the preform was heated to molten under no pressure and cooled 
down, the matrix impregnated the CF network spontaneously, as shown in Fig 1(b). 
This spontaneous impregnation is usual, as the capillary pressure can enhance the 
matrix’s infiltration to fiber network". This phenomenon indicates that we can take 
the molten preform as impregnated CF network. Thus, the consolidation of WL-CTP 
can be regarded as the compression of the impregnated CF network, which would 


deform into a tighter structure under higher pressure, resulting in void closing, just as 


shown in Fig 2. 
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Figure 1. The micro images of preform consisting of 50vol% CF. (a) optical image of 
the preform; (b) SEM image of the preform after heating at 190°C for 10 min under no 


pressure and then cooling naturally, the resin impregnated the CF network 


spontaneously. 
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Fig 2. The voids’ morphology and the schematic diagrams of voids closing during the 
consolidation of WL-CTP. (a) — (b): The morphology of voids in WL-CTP prepared 
under 2 MPa (a) and 5 MPa (b), while the temperature and time were fixed at 190°C 

and 10 min. (c) — (d): Schematic diagrams of voids closing. 
Servais et al.”® studied the compressibility of the impregnated fiber network and 
found that the compress behaviors of the impregnated ones were identical to the dry 


[25-27]. 


(1) 


ones, which can be described by the following equation developed by Toll et al. 


where Pris the pressure applied to the dry/impregnated fiber network, Æ is the tensile 


modulus of fiber, V;, is the FVF of the dry/impregnated fiber network, is the scalar 
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invariant of fiber orientation distribution function, is a parameter related to the mode 
of fiber orientation distribution: for 3-dimension distribution, ; for 2-dimension 
distribution, . 

Considering a WL-CTP with voids. The ratio of the volume fraction of polymer 
to fiber, , can be determined by burning test: 


(2) 
where and are the weights of WL-CTP before and after burning test, and are 
densities of polymer and fiber. Then, the theoretical density of WL-CTP, , can be 
calculated as: 

(3) 
Thus, the void volume fraction (VVF) of the WL-CTP, Xj, can be calculated as: 

(4) 
where is the actual density of WL-CTP. The constitutes of WL-CTP with voids are 
CF, matrix, and voids (i.e., air). Therefore, the FVF of the WL-CTP, Vre, can be 
calculated as: 


(5) 


Since the consolidation of the WL-CTP can be regarded as the compression of the 


impregnated CF network thus, 

(6) 

(7) 
where P, is the applied pressure for the consolidation of WL-CTP. Combine Eq (1) 
with Eq (5)-(7), we get: 

(8) 


Wan et al.'*! utilized X-ray scanning to inspect the inner structure of WL-CTP and 
found that the CFs were mainly distributed in-plane. Therefore, the theoretical value 


of in Eq (8) can be determined as 5, i.e., 
(9) 


Thus, we get the constitutive model for the consolidation of WL-CTP. 
According to Eq (9), we can make the following three deductions: 
(1) Because no term representing molding time exists in Eq (9), molding time does 


not affect the VVF of WL-CTP; 


(2) VVF decrease with the increase of molding pressure, and have a linear 
correlation with a coefficient of 5; 

(3) Because no term representing molding temperature exists in Eq (9), molding 
temperature does not affect the VVF of WL-CTP. 

Experiments would be designed to validate the three deductions. 


3. Materials and method 
3.1. Composite preparation 

Fig 3 shows a schematic diagram of the sample preparation. CFs (ZOLTECK 
PX35 Wet-Type, length of 6 mm, density of 1.91 g/cm*) and PP fibers (Zhejiang 
Yijiahui Co., Ltd, length of 4 mm, coarse of 3 dtex, density of 0.90 g/cm°) were joint- 
disintegrated in water by a blender (Lorentzen& Wetter 991509, Sweden) for 10min, 


to form a fiber suspension containing 0.1 wt% fiber raw materials. Although one of the 


The fiber suspension was subsequently poured into a laboratory papermaking 
machine (Lesson Ind. Co., Ltd, 398AS, China Taipei). Drainage and squeeze resulted 
in the wet nonwoven fabric, which would be dried at 105°C for 6 h to form the dry 
preform. The final dry preforms had a basis weight of 400 g/m? approximately. 


Sufficient preform was put in the matched-die mold (home-made, specific 


so that the 


prepared WL-CTP had a theoretical thickness of 2 mm without voids. The molding 


pressure was applied after the whole mold set was preheated for 1 h in a 
6 


machine. Then the mold was transferred swiftly to another platen press machine fixed 


at room temperature and cooled for 20 min. Molding pressure was maintained during 


cooling. Finally, a square WL-CTP sample with a side length of 100 mm was 


obtained. Fig 4 shows the heat-molding procedures. 
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3.2. Testing 


measured by density balance and then applied into Eq (4) to calculate VVF. All the 
SDs of VVF data were calculated from three parallel experiments. 


3.2.2. Flexural properties 


Flexural testing was performed according to the GB/T 9341-2008. A rectangular 
piece with a length of 40 mm and a width of 25mm was cut from the WL-CTP 
sample. A load frame (Shimadzu AGS10KNI) with a 10 kN load cell was used to test 
specimens in a three-point bend at a cross-head speed of 1 mm/min. The span length 
was fixed at 32 mm. All the SDs of flexural properties data were calculated from five 


parallel tests. 


3.2.3. Micro observation 


All SEM images were obtained by Scanning Electronic Microscope (Zeiss 


EVO18). 


4. Results and discussions 
4.1. The effect of molding time on VVF 
WL-CTPs were prepared under molding pressure of 2 MPa and 5 MPa, 


respectively. The molding temperature was fixed at 190°C The variation of VVF along 


with molding time was inspected. The experiment design of this part was summarized 
in Table 1. Results were plotted in Fig 5. 
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For the molding pressure of 2 MPa, the VVF decreased with molding time before 
molding time of 10 min and then stabled at ~20 vol%. This is because there was a dry 


CF network at the initial consolidation stage, just as shown in Fig 6. However, these 
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dry fiber networks would be impregnated spontaneously by the molten polymer. Thus, 
we can observe a decreasing VVF at an early stage. After the complete impregnation 
of the dry CF network, no pressure to further deform the fiber network meaning no 
further voids closing, so that a stable VVF can be observed. For the molding pressure 
of 5 MPa, the VVF did not decrease at the early stage and stabled at ~11 vol% at 
every molding time. This is because the fiber network was compressed much tighter 
under 5 MPa, which means the spontaneous impregnation stage can be too short to be 
observed in the current experimental design. Therefore, we validate the Deduction (1): 


molding time does not affect the VVF of WL-CTP. 
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Fig 6. The dry fiber networks in WL-CTP consolidated under molding temperature of 
190°C pressure of 2 MPa, time of 0 (a), 1 (b), 2(c), and 5 (d) min. 
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4.2. The effect of molding pressure on VVF 
4.2.1 The compress behavior of dry fiber network 


Consolidated WL-CTP was heated under 350°C for 4 h to burning off the polymer, 
resulting in a dry CF network. The weight and size of the dry CF network were 
measured. The dry CF network was compressed using a load frame (Shimadzu 
AGSI0KNI) with a 10 kN load cell, and the machine speed was set at 1 mm/min. 
During compression, the Load-Strain curve was recorded and transformed into Ps- Vj, 


curve by the following equations: 
(10) 
(11) 
where F is load, s is strain, A, m, and ho are the compressed area, the weight, and the 
initial height of the dry CF network, respectively. Fig 7 shows the curve of P; - Vp 
plotted in logarithmic coordinates. Perform linear fitting on the linear part of the curve 


to get the fitting equation: 
(12) 


Fitting line 


y =4.94x + 8.27 
Adj-R° = 0.99932 


P (Pa) 


0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 


Fi (vol%) 


The slope of the fitting equation is very close to 5, which means the use of Eq (1) 


is appropriate. From Eq (8) and (9), we can find that the value of the fitting equation’s 
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intercept is an intrinsic value of the preparation method. Therefore, intercepts would 
be fixed at 8.27 during linear fittings in 4.2.2 and 4.3. 
4.2.2 The effect of molding pressure on VVF 


In this part, WL-CTP would be prepared under different molding pressures while 
the molding temperature and time were fixed at 190°C and 10 min. The platen press 
machine we used can offer a minimal pressure of 2 MPa. Thus, the molding pressure 
was designed as 2, 3, 4, 5, and 6 MPa. The variation of VVF along with molding 
pressure was inspected. Table 2 summarizes the experimental design of this part. Fig 8 


shows the results plotted in logarithmic coordinates. 


Molding temperature’C œ Molding pressure/MPa_ Molding time/min 
1: 
190 i 2,3,4,5,6 10 


7x10° 

6x10° —— Fitting line 

5x10° 
a 4x10° y = 4.64x + 8.27 
a Adj-R° = 0.99989 


2x10° 


0.36 0.38 0.4 0.42 0.44 0.46 0.48 0.5 
(1-X,)/(1+@) (vol%) 


The slope of the fitting line in Fig 8 was 4.64 and close to the theoretical value of 
5. Adj-R’ value of 0.99989 indicated a good agreement. Thus, we validate the 
Deduction (2): VVF decrease with the increase of molding pressure, and have a 


linear correlation with a coefficient of 5. 
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4.3. The effect of molding temperature 


The experiments in 4.2.2 validated the consolidation model of WL-CTP directly. 
If the relation between and showed in Fig 8 can be repeated under different molding 
temperatures, then we can say molding temperature does no effect on the 
consolidation of WL-CTP, i.e., do no effect on VVF of WL-CTP. In this part, 
experiments in 4.2.2 were repeated but under the molding temperature of 180°Cand 
200°C The experiment design of this part was summarized in Table 3. Results were 
plotted in logarithmic coordinates in Fig 9. 


Molding temperature’C œ Molding pressure/MPa_ Molding time/min 


180 1: 
200 2,3,4,5,6 10 


7x10° b 


—— Fitting line —— Fitting line 


= y =4.52x + 8.27 Į y = 4.60x + 8.27 
S Adj-R? = 0.99990 S Adj-R? = 0.99985 
a= 3x10° — a~ 3x10° = 
2x10 2x10° 
0.36 0.38 0.4 0.42 0.44 0.46 = 0.48 0.5 0.36 0.38 0.4 0.42 0.44 0.46 = 0.48 0.5 
(1-X,)/(1+@) (vol%) (1-X,)/(1+@) (vol%) 


Linear fitting concluded a good agreement both in the case of 180°C and 200°C 
and the fitting equations were close to each other and both close to the fitting equation 
in Fig 7. Thus, we validate the Deduction (3): molding temperature does not affect 
VVF of WL-CTP. 

4.4 The effect of molding parameters on the flexural properties of WL-CTP 


From the experiment results discussed above, we can conclude that the molding 
pressure is the only factor that affects the VVF of WL-CTP among the molding 


parameters discussed above. This makes us wonder if the molding pressure can be the 
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only factor affecting the mechanical properties of WL-CTP. Thus, we choose the 
flexural properties as the representative of the mechanical properties, and the effect of 
molding parameters on the flexural properties was investigated. 

The flexural properties of WL-CTP prepared in 4.1 were tested to inspect the 
effect of molding time, and the results are plotted in Fig 10. In Fig 10(a), in the 
molding pressure of 2 MPa, both the flexural modulus and strength increase with 
molding time and stabled after molding time of 10 min, behaved similarly to the 
VVF’s variety with molding time in Fig 5. Fig 10(b) indicates a non-obvious impact 
of molding time on the flexural modulus and strength, which is also similar to the 
impact of molding time on VVF in the molding pressure of 5 MPa in Fig 5. Therefore, 
we can conclude that the molding time does no effect on the flexural properties of 


WL-CTP. 
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The flexural properties of WL-CTP prepared in 4.2 and 4.3 were tested to inspect 


the effect of molding pressure and temperature, and the results are plotted in Fig 11. 
For both three levels of molding temperature, the flexural modulus and strength both 


increased with the molding pressure, corresponding to the VVF’s decrease along with 


the increase of molding pressure in Fig 8 and Fig 9. This is because the higher 
closes the voids, reducing the VVF. For every molding pressure, the molding 


temperature does not affect the flexural modulus and strength, just as the effect of 


molding temperature on the consolidation of WL-CTP that we observed in 4.3. 
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From the discussion above, we can conclude that the molding pressure is the only 


factor affecting the mechanical properties of WL-CTP, just like the molding pressure 
is the only factor affecting the VVF of WL-CTP. This means that once the molding 
temperature reaches the polymer's melting point and the molding pressure reaches the 
level dictated by Eq (9), WL-CTP with low void content and qualified mechanical 
properties can be produced under relatively low molding temperature and high-speed 
production. Therefore, the WL-CTP, as a kind of discontinuous CFRTP, can be a kind 
of affordable CFRTP product that can be used as interiors and coverings?” for light- 
weight design for automobiles at a large scale. 


5. Conclusion 


A constitutive model for the consolidation of WL-CTP was proposed based on the 
constitutive equation describing the compress behavior of the dry/impregnated CF 
network. Three deductions were proposed according to the model and validated by 
experiments. It reveals that the molding pressure is the only factor affecting the 
consolidation of WL-CTP among the molding time, pressure, and temperature. 
Flexural properties testing further determined that the molding pressure can be the 
only factor affecting the flexural properties of WL-CTP among the molding time, 
pressure, and temperature. The overall experimental results indicate that WL-CTP 
with qualified mechanical properties can be produced under a relatively low molding 
temperature and high productivity, which means WL-CTP can be a promising 
candidate for the affordable CFRTP product. 
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